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ABSTRACT

The structure of the turbulence in the mixing region for the first

few diameters downstream from the outlet of a circular subsonic jet is

characterized at three Mach numbers, 0.3, 0.5, and 0.7, with most of the

measurements taken at M = 0.3. Profiles of turbulence intensity showed

that downstream of the lip intensity is independent of axial distance,

while in the core intensity varies by a factor of eight between the jet

outlet and the end of the core. A digital data reduction program was used

to calculate the auto- and cross-correlations of axial velocity fluctua-

tions and the power spectral densities. Convection velocities were measured

using broad band, hot wire signals and signals that were digitally filtered

for band-passes about center frequencies of 0.8, 1.3, 1.6, and 3.2 kHz.

The center frequency of 1.3 kHz corresponded to the peak energy in tie core

spectrum. The convection velocities of the lower frequency components of

the signals were lower and varied more slowly with radial position than the

convection velocities of the higher frequency components and the overall

signal. Thus, the large eddies corresponding to the low frequency compon-

ents tended to be convected at more nearly a constant velocity across the

shear layer. The results support the hypothesis that the coherent pressure

field is driven by the intermittent fluctuations at the core boundary,

which in turn are related to the large (low frequency) eddies.
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PREFACE

This second-year study of the structure of turbulence in the noise-

producing region of a round subsonic jet was performed principally by the

authors. Thanks are due to Dr. R. C. Singleton for writing the computer

program used to carry out the digital analysis, to Mr. Bruce Craig for

helping with the analog-to-digital conversion of the hot wire data, and

to Mr. Gary Plapp for spending many long hours in the laboratory.

This project was under the initial management of Mr. Ira R. Schwartz,

Chief, Fluid Mechanics Branch, NASA Headquarters, Washington, D.C.; the

management was taken over by Dr. William H. Roudebush in March 1971.
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NOMENCLATURE

C Sound speed in gas phase alone

C Equilibrium sound speed in air-droplet mixture

C Specific heat of liquid

C Specific heat of gas phase at constant pressure
p

C Sound speed in ambient region external to jet

D Jet diameter

Fi Force per unit volume exerted by droplet cloud upon gas phase

f Frequency

h Latent heat of vaporization

I Turbulent intensity

K Vapor fraction of gas phase
v

2 Macroscopic length scale of turbulence
0

L Characteristic length scale of noise-producing turbulent region

M Jet Mach number

p Pressure

p Acoustic power output
m

P Component of stress tensor
ij

P Vapor pressure
v

Q Rate of mass addition to gas phase per unit volume

R Ideal gas constant

xi



Nomenclature (concluded)

T Temperature

T Component of tensor (Eq 4)
ij

t Dimensional time delay

U Axial velocity (mean)

U Jet velocity
o

u Fluctuating component of axial velocity

u' Axial velocity fluctuation (rms)

th
iu Velocity component in i direction (i = 1, 2, 3)
1

X Axial coordinate measured from jet exit

iXi Cartesian coordinates (i = 1~ 2? 3)

Y Radial coordinate measured from jet center line

Greek Symbols

La Amplification factor (Eq 18)

Ratio of molecular weights of the vapor to that of the inert gas

y Ratio of specific heats of air

Width of shear layer adjacent to core

A x Axial spacing between hot wires

p Density of gas

Pv Density of vapor

Pp Density of droplets

Latent heat parameter (Eq 6)

a Relative turbulence level

xii



I INTRODUCTION

Over the past two decades, the problem of aircraft noise has been

studied both theoretically and experimentally. The theoretical ground-

work was done primarily by Lighthilll-4 in England before the mid-1950s.

Although Lighthill is still active in the field,1 relatively recent

advances in the jet noise theory have been contributed by Powell,5,6

Williams, 78 and others. Most experimental investigators have satisfied

themselves with varying such gross parameters as jet diameter,9pl 0

velocity,11-13 and densityl3 while measuring the spectral content, direc-

tion, and magnitude of the radiated sound. From these investigations an

overall picture of exhaust jet noise generation has emerged, which is in

good qualitative agreement with observed noise levels and directivity.

Relatively few investigators have addressed themselves to actual experi-

mental research on the details of the jet exhaust mixing process that

14-18
gives rise to the sound field.

Noise measurements in the far field show that, from a noise-generation

point of view, the jet is analogous to a train of convected quadrupoles

traveling at a speed roughly 0.6 of the core velocity, that is, at a velo-

city very close to that observed at the middle of a shear layer along a

line directly downstream from the lip of the jet. In addition, recent

measurements by Davies et al.
1
7 have shown that a coherent pressure field

having a wavelength that is long, compared with the thickness of the mixing

layer, extends from the subsonic jet axis to the near field outside the jet.

These pressure disturbances were also measured to travel at about 0.6 of

the core velocity throughout the entire region.

1



The presence of a coherent pressure wave containing most of its energy

at a fixed Strouhal number suggests the generation of the wave in the con-

fined core of the jet by potential flow fluctuations induced by the convec-

tion of large intermittent eddies protruding from the mixing region into

the core. At low Reynolds numbers, this structure takes the shape of

doughnutlike vortex rings propagating away from the jet lip, as shown by

the excellent flow visualization of Crow and Champagne.1 9

The research program described in this report seeks a better under-

standing of the structure of turbulence in the noise-producing region of a

round jet. Measurements of turbulence intensities, spectra, and convec-

tion velocities were made with a hot wire anemometer in the l1-inch-diameter

jet shown schematically in Figure 1. A complete description of the apparatus

is given in Ref. 20.

The intent of the current work has been to extend knowledge of jet

behavior in the core and the surrounding, spreading, annular mixing region.

The work to be described has been primarily experimental, designed to pro-

vide a firm foundation for later analysis. The results of these experiments

will be used to interpret known characteristics of noise outside the jet as

measured by other investigators and to gain a better theoretical under-

standing of the noise production mechanisms.

2
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II MEAN PROFILE MEASUREMENTS

The initial characterization of the jet was undertaken during the first

year of this contract (see Ref. 20). Additional mean profile measurements

were made during the second year to make sure that no serious anomalies

were present in the flow. Measurements of mean velocity and turbulence

intensity profiles were made using a constant temperature, hot wire ane-

mometer system manufactured by Thermo-Systems Inc. The hot wire probes

3
consisted of 0.2-mil-diameter tungsten wire, 33 inch long, mounted on

needle tips. The needles, 2 inch long, were secured by 5¼ x i-inch, heavy

wall, stainless steel tubing. The probe units were attached to a vibration-

dampened mount connected to a heavy steel frame. (See Ref. 20 for details.)

The bridge output for the mean voltage was filtered through a direct galva-

nometer connected to a visicorder. For the fluctuating voltage component,

a signal conditioner was incorporated. The signal conditioner provided

gains of 1, 10, or 100 with a band-pass filter of 5 Hz to 50 kHz. The output

of the conditioner was fed into a two-stage operational amplifier consist-

ing of a logarithmic amplifier and an rms meter amplifier having a time

constant of 1 sec.

Mean velocity profiles taken previously at three Mach numbers and one

longitudinal position are shown in Figure 2, which is reproduced from the

work described in Ref. 20. Good agreement between the three cases was

obtained. Figure 3 shows the newly measured axial distribution of the mean

velocity in both the core (Y/D = 0) and the annular turbulent region oppo-

site the lip of the jet (Y/D = 0.5) at a Mach number of 0.3. The mean

velocity in the core began to decrease at a value of X/D between 5 and 6,

while the mean velocity opposite the lip remained constant at least to an

5
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axial distance of X/D = 10. Between X/D = 5 and X/D = 10 there is a com-

plicated readjustment in the flow as the profile changes from that of an

annular mixing region toward that of a self-similar region downstream.

As the center line velocity approaches the lip value, of course, both must

begin to decay.

The profiles of mean velocity and turbulence intensity measured very

close to the jet exit are shown in Figure 4. The maximum intensity

occurred at the point where the mean velocity gradient was maximum, as

6
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expected. However, the mean velocity profile shows a small peak at Y/D = 0.3

and the turbulence intensity profile a corresponding small peak at Y/D = 0.35.

These peaks were not measurable at X/D = 2 (see Ref. 20), especially for a

Mach number of 0.3, and it was decided to proceed on to the spectrum and

correlation measurements, restricting most of the data to M = 0.3 because

this Mach number has been used most often by previous investigators.

Figure 5 shows that the constancy of the mean velocity profile down-

stream of the lip is reflected in the intensity distribution, which also

remains constant after an initial rise in the first two diameters down-

stream of the nozzle. Also shown is the intensity measured in the core as

a function of X/D. Note that the core intensity increases smoothly from a

low value at the exit to a peak value at an X/D of about 9, with no

sudden jump appearing at the end of the core region. The shape of this

7
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FIGURE 4 TURBULENCE INTENSITY AND MEAN VELOCITY
PROFILES AT JET EXIT, M = 0.3, X/D = 0.042

curve is similar to the axial distribution of impact pressure fluctuations

measured by Nagamatsu et al. Figure 3 also shows why the acoustic power

per unit length radiated from the core region of a subsonic jet is essen-

tially constant--because the turbulent intensity in the annular region

around the core is constant.

8
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III POWER SPECTRAL DENSITY MEASUREMENTS

The power spectral density of the axial velocity fluctuations observed

by each hot wire was measured to examine the spectral distribution of the

energy in the jet and to ensure that no anomalous signals were present.

Davies et al. 1 6 reported spectral measurements in the shear region of a

1-inch-diameter jet. Their results indicate that the spectra at X/D = 1.5

do not change significantly with radial position and that at an axial posi-

tion of X/D = 4.5 there is a systematic shift of energy to lower frequency

with increasing radius. They reason from this that the convection velocity

of the eddy pattern varies much less rapidly with radius than does the mean

velocity, a conclusion which they further substantiate by direct convection

velocity measurements. More recently still, Davies et al.1 7 reported more

complete spectra measured at various radial positions for X/D = 3 in a

1-inch-diameter jet. The results they obtained are compared with, and show

close agreement with, measurements in the SRI jet.20 The shape of the two

spectra correspond closely, indicating good agreement between the two sets

of data.

Figure 6 shows typical power spectral densities measured at three

axial positions in the jet at M = 0.3. In the core, there are two peaks

in the spectra, a broad peak at approximately 1.3 kHz and a narrow, high-

frequency peak at approximately 21 kHz. The lower frequency peak increases

in magnitude with distance from the nozzle exit, while the higher frequency

peak decreases in magnitude. The quantitative variation in the magnitude

of the 1.3 kHz signal with axial distance from the nozzle exit is shown in

Figure 7. The energy of a 10-Hz bandwidth signal at 1.3 kHz increases by

11
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about 22 dB (a factor of approximately 12) along the jet center line

between the jet exit and the end of the core (X/D = 0.4). Neither of

these two peaks is observed at the center (Y/D = 0.5) of the turbulence

mixing region surrounding the jet core, since the intense turbulence there

masks these lower energy signals. Note that the power spectra near the

center of the mixing region are more uniform than in the core region of

the jet and do not exhibit peaked characteristics.

The lower frequency peak observed in the core region of the jet at 1.3

kHz is approximately at the same peak frequency observed by both Lawrence1
4

in a 3.5-inch-diameter jet and Davies et al.17 in a 1-inch-diameter jet.

This implies that the peak frequency cannot be nondimensionalized as a

Strouhal number using the outlet diameter as the characteristic length.

Other evidence available from additional data taken in our laboratory at

M = 0.5 and 0.7 and from the data of Nagamatsu et al.21 at M = 0.6 is that

the peak frequency is proportional to the velocity, indicating a constant (with-

in experimental error) characteristic length for subsonic jet flow. One such

15



length in the flow is the distance between the intermittent bursts that

are observed at the boundary between the core and the turbulent annulus

surrounding it. Crow and Champagne
1 9 have taken excellent photographs of

jet flow at low Reynolds numbers which show clearly the intermittent,

vortexlike, bursts at the external edge of the mixing layer. These bursts

are characteristic of the large-scale turbulence structure (or intermittency)

believed to excite the coherent acoustic disturbances in the near field of

the jet flow. At higher Reynolds numbers, the details of the intermittent

vortexlike structure probably are lost, being replaced by a jetlike struc-

ture similar to that observed in the outer region of a turbulent boundary

layer.22 Experiments are continuing at SRI to determine the characteristic

length associated with these phenomena.

Figure 6 also shows the narrow peak at the higher frequency, which is

most noticeable in the core. This peak has also been observed by Davies

et al.1 7 and by Laurence.14 In this case, the frequency can be nondimen-

sionalized by the core velocity and the estimated boundary layer displace-

ment thickness, giving a Strouhal number of approximately 0.3, equal to

that for vortex shedding from a cylinder. This idea was suggested by

S. J. Kline* of Stanford University, whose associates recently found a

similar result for flows of different velocities along the two sides of a

flat plate; in that case, the characteristic velocity was the difference

between the velocities along the two sides.

The power spectral densities in the core region of the jet at Mach

numbers of 0.3, 0.5, and 0.7 are shown in Figure 8. The lowest frequency

peak in each case shifts to higher frequency with increasing Mach number.

However, at M = 0.5 and M = 0.7, there are additional peaks at higher

frequencies. It is suspected that these peaks are due to some anomalous

* Private communication.

16
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flow in the jet. As a preliminary step to looking for the source of this

flow, the velocity profile at the exit of the settling chamber with the

nozzle removed was measured at M = 0.7. As shown in Figure 9, there is a

slight overshoot at the edge of the wall boundary layer. It is not known

if this is an axisymmetric phenomenon. However, there is a similar bulge

in the velocity profile and the turbulence intensity at the nozzle exit

at M = 0.3. Because of the low level of the signals measured in the core,

an anomaly of this type, although not strong enough to significantly affect

the overall jet turbulence structure, is certainly capable of altering the

power spectra in the core. Note, for example, that the low frequency spec-

trum at M = 0.7 is almost 20 dB lower than that at M = 0.3; hence, any

anomalous disturbance is more likely to be observed. The source of the

high-frequency peak in the jet core spectra at 23 kHz when M = 0.3 is

believed to be due to the development of the preferred mode of instability

of the initial region of the shear layer near the lip of the jet. The

amplitude of this signal is highest near the jet exit and decreases with

axial distance from the jet exit, a fact that is certainly consistent with

the above picture. As mentioned previously, workers at Stanford University

under Professor S. J. Kline have found that the two-dimensional shear layer

formed by flows of different velocities off either side of a flat plate have

a preferred instability mode that scales with the Strouhal number based

upon the sum of the boundary-layer displacement thicknesses.

Several experiments were run in the l½-inch-diameter jet to determine

the behavior of the high-frequency peak with varying nozzle exit conditions.

Figure 10a shows spectra for the cases of a high-turbulence nozzle flow

and with a boundary-layer trip wire in the nozzle, compared with the standard

low-turbulence nozzle. High turbulence was generated by placing a i-inch

mesh by 0.05-inch-diameter wire screen inside the nozzle J inch upstream

1
of the exit. The trip wire was a y1 -inch-diameter wire placed adjacent

to the nozzle wall I inch upstream of the exit. Both of these modifications4

18
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increased the energy in the jet core at higher frequencies and slightly

shifted the low-frequency peak. However, no systematic effect on the

higher frequency peak was observed. No firm conclusion should be drawn

from these relatively general measurements; rather more detailed measure-

ments of the boundary-layer profile at the jet exit must be obtained to

relate the present results' to those of Kline's group.

Spectra for the same nozzle but with a 10-inch pipe extension are

shown in Figure 10b. There are peaks in the spectrum at the jet axis

at approximately 5, 10, 15, and 20 kHz. This is an interesting observa-

tion which shows that the nozzle exit velocity profile certainly changes

the peaks in the spectrum. Further interpretation must await detailed

measurements of velocity and turbulence intensity profiles at the exit

of the nozzle extension.

19
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IV CROSS-CORRELATION MEASUREMENTS

Measurements using two hot wire probes, from which auto-correlations

and axial cross-correlations (used to compute convection velocities) were

computed, were carried out for low core turbulence levels only. For numeri-

cal computations, the data were first converted from analog to digital form

on an SDS 930 computer in segments of 102.4 msec duration. The digital data

were then analyzed on a CDC 6400 computer, using a spectral analysis program

developed by Singleton and Poulter for single-channel data but extended to

two-channel data. The data were read into the computer, and the two input

signals were then plotted as a visual check on the analog-to-digital con-

version process. All plots were made on line, using a CDC 280 microfilm

plotter.

An example of the input data is shown in Figure 11. Channel A is the

upstream wire of the pair. The vertical scale is an arbitrary binary scale

chosen for convenience. A rough calibration was made, however, by analyzing

a 1 kHz, lv rms signal, which indicated that each unit on the vertical

corresponded to approximately 22 mv. A rigorous calibration was not carried

out since absolute magnitudes do not enter the correlation measurements.

At the location inside the lip (Y/D = 0.4, Figure lla) there is a definite

skewness of the signal in the negative direction while at the location out-

side the lip (Y/D = 0.667, Figure llb) the signal is much more symmetric.

A pulse in the negative direction represents a decrease in velocity, as

though jets containing lower velocity fluid from the center of the mixing

region are impinging on the turbulence near the boundary of the core.

Future work will include a more thorough study of these data in an attempt

to understand this phenomenon.
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An example of the digital spectrum in the core at M = 0.3, recovered

from the digitized data, is shown in Figure 12. This spectrum is similar

in shape to the core spectrum shown in Figure 6b, with the exception

that the high-frequency peak is folded about the cutoff frequency of 11

octaves, which corresponds to 20 kc. Because this frequency is well above

the center frequency of the highest pass-band studied, and because the

total energy contained in the high-frequency peak is small, no attention

was paid to this folding.

To calculate correlations, the data on each channel were multiplied

by the data window function

sin2 (wj/N) for j = 0,1, ... N-1

to reduce interaction of spectral estimates.

The windowed data were then transformed to the frequency domain,

using a fast Fourier transform subroutine, and the auto- and cross-spectra

computed. These results were then transformed back to the time domain to

yield the auto- and cross-correlation functions. For the auto-correlation

functions, the lags corresponding to the first zero crossings were inter-

polated and listed on the plots. For the cross-correlation functions, a

search was made for the largest peak, and the 3-point interpolated value

and corresponding lag were listed in the plot.

The results were then transformed back to the frequency domain, and

an additional step introduced to reduce core storage requirements for

intermediate results. The auto- and cross-spectra were scaled for unity

power in each channel, then smoothed to gain statistical stability--once

with 3-point triangular smoothing and then twice with 15-point triangular

smoothing.
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The computed cross-correlation function, R 1 1, between the signals from

the two channels was plotted for each test. The 3-point interpolation of

the maximum value of the cross-correlation and the corresponding time lag

were listed at the top of the plot. The 3-point interpolation was made by

taking the maximum value and one point on each side of the maximum and

fitting these three points with a quadratic curve. An example of a computed

cross-correlation is shown in Figure 13 for two values of wire spacing, to

show how the peak values decrease and the associated time lags increase with

increased wire spacing. In addition to curves like the one shown in Figure 13,

the maximum value of the cross-correlation and five points on either side of

the maximum, together with the corresponding time lags, were printed out

along with the interpolated values for each test. These data were used to

prepare plots of the cross-correlation from which convection velocities could

be computed for each set of measurements.

Later in the program several sets of data were processed on a Hewlett-

Packard Correlator. In this case, the data reduction process was simpler

because no separate analog-to-digital conversion was necessary. However, a

separate operation was required to obtain spectral data. The results obtained

from both techniques were substantially the same.

Figures 14 and 15 show cross-correlations measured in the jet core for

M = 0.3 with the upstream wire located at X/D = 2 and X/D = 4. Both broad

band results and results for a one-octave-wide band centered about the spec-

tral peak of 1300 Hz are shown. There is a peak in the cross-correlation at

a wire spacing of I inch (this peak is 0.96); for a wire spacing of I inch,

the peak occurs at a negative time delay. An effort is under way to under-

stand this wave pattern.
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Figures 16 and 17 show cross-correlations measured near the lip of the

jet under the same conditions. Here results are presented for the broad

band and for one-actave-wide bands centered about 800 Hz, 1300 Hz, 1600 Hz,

and 3200 Hz. In the mixing region near the lip, the flow is dominated by

the turbulence, with the usual decay of cross-correlation with increasing

wire spacing.

To obtain the time delay associated with each value of wire spacing,

the envelope tangent to each correlation curve and passing through R1 1 = 1

at zero time delay was drawn. This envelope's point of tangency then deter-

mined the time delay to be used with each wire spacing to compute convection

velocity. The time delay determined in this way does not correspond to the

time delay for maximum cross-correlation but rather to the time delay asso-

ciated with a moving frame in which the rate of decay of the correlation is

a minimum. The envelope represents the autocorrelation in the moving frame.

In cases where scatter in the measured results caused some curves to deviate

from the envelope (see, for example, Figure 16d), the curves were shifted

vertically to determine the time delay to be used with the given wire spacing.

The resulting convection velocities are discussed in the next section.
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V CONVECTION VELOCITY MEASUREMENTS

Convection velocities in jet turbulence have been measured by several

investigators. Davies et al. 1 6 ,17 reported convection velocity measurements

in which the axial convection velocity profile, scanned radially across the

jet, was compared with the mean axial velocity profile. They found that,

for the radial position Y < D/2, the convection velocity U
c
was less than

the mean axial velocity U and, for Y > D/2, Uc was greater than U. Bradshaw,

Ferriss, and Johnson 1 8 reported similar results, as did Wills.2 2 That the

axial convection velocity varies more slowly across the shear layer adjacent

to the jet core than does the mean velocity is thus well established experi-

mentally. Davies, Fisher, and Barratt
1

and Fisher and Davies2 3 explain

this phenomenon physically in terms of the probability density of the tur-

bulent velocity fluctuations. Basically, the large scale fluctuations to

one side of the center line of the shear layer contain large components of

the characteristic free stream velocity just outside the shear layer. That

is, on the jet core side (Y < D/2) of the center of the shear layer, the

large scale velocity fluctuations carry significant energy characteristic

of the core velocity. Fisher and Davies2 3 explain how these eddies influ-

ence the cross-correlation measurements so as to cause the observed differ-

ences between the mean velocity and convection velocity across the mixing

region.

In addition to the overall convection velocity measurements, Fisher and

Davies2 3 measured convection velocity for several frequency bands. Their

measurements were made to determine whether or not various wave-number

(frequency) components are convected downstream at the same velocity. Their

data were taken only for the radial position Y/D = I and indicated that the

convection velocity increased slightly with increasing center-band frequency
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of the filtered signals. Until the present work, it was still not clear,

however, how the various frequency components are convected at different

radial positions in the jet. In the following, measurements of axial con-

vection velocity profiles across the jet for broad band (unfiltered), and for

selected, numerically filtered narrow bands are reported. These results are

based on the cross-correlation measurements described in the previous section.

The convection velocity that is computed from the cross-correlation

measurements shows a consistent increase in value with wire spacing. This

effect was discussed by Willmarth and Wooldridge24 for measurements in a

boundary layer which exhibits similar behavior. Convection velocities for

the broad band and for the various narrow frequency bands are plotted as a

function of wire spacing in Figure 18 for locations near the center of the

shear layer at two axial distances. (Figure 18a corresponds to data taken

from the cross-correlation plots shown in Figure 16, and Figure 18b corres-

ponds to those taken from Figure 17). The decrease in convection velocity

with wire spacing was not observed by other investigators because their

minimum wire spacing was too large; for wire spacings I inch and greater,

the convection velocity asymptotically approaches a constant value (Figure 18);

thus, there are two possible interpretations of convection velocity measured

in this way: (1) that corresponding to zero wire spacing, which is given by

the zero intercept of the Uc versus wire spacing curves; and (2) the asymptotic

value of Uc for large wire spacing.

The distribution of convection velocity across the jet for the broad

band and for four narrow frequency bands is shown in Figure 19 for X/D = 2

and M = 0.3. The asymptotic values at large spacing agree with the data

obtained by Davies et al.16 in the outer portion of the mixing layer but

are somewhat higher in the inner portion. The intercept values, Figure 18b,

are much lower, joining the mean velocity curve near the outer edge of the

mixing region. The narrow frequency band data obtained by Davies et al.1 6
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at Y/D = 0.5 indicated that the higher frequency components are convected

faster than the lower frequency components. The current data show that this

behavior holds true across the entire mixing region.

Similar convection velocity profiles for X/D = 4 are shown in Figure 20.

The asymptotic values for large wire spacing follow more closely the mean

velocity. However, the limiting values of convection velocity for zero wire

spacing are also somewhat lower and do not join the mean velocity curve until

they reach the outer portion of the mixing region. In addition to the M = 0.3

data, convection velocities at M = 0.5, measured during the preceding year's

work for three radial positions, are shown in Figure 21. The general result--

that lower frequency components travel slower--is also evident in the M = 0.5

data.

Clearly there is a large difference between the value of convection

velocity at zero wire spacing and the asymptotic value for large wire spacing.

One must use great care, therefore, in attempting to interpret the meaning

of such measurements. Additional thought needs to be given not only to the

definition of a convection velocity but, more importantly, also to an under-

standing of its meaning in terms of the production of jet noise.

The meaning of the convection velocity can be illustrated by Figure 22,

which shows space-time correlation contours. The definition of convection

velocity defined by the method outlined above is based on the time delay

corresponding to the vertical tangent to any contour. With this approach,

the convection velocity noticeably decreases for small times, because of

the finite width of the contours. This is equivalent to saying with res-

pect to Figure 16 that the difference in time delay between the peak point

and the tangency point on each curve becomes small compared to the total

time delay at large wire spacing.
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VI THE EFFECT OF EVAPORATING DROPLETS ON

SOUND GENERATION BY JET TURBULENCE

Sound generation by turbulent, two-phase flow was considered recently

by Crighton and Ffowcs Williams,2 5 who used the methods of Lighthill's

theory of aerodynamic noise to consider sound generation for the case of

a distribution of small gas bubbles in a liquid and for the case of a

dusty gas. They found that monopole radiation due to the volumetric res-

ponse of the bubbles to the turbulent pressure field can be an order of

magnitude greater than the quadrupole equivalent of the turbulent flow

alone. In the case of a dusty gas, which is of more interest in aerodynamic

jet noise work, only dipole and quadrupole sources are present; Crighton

and Ffowcs Williams,25 in fact, showed that the dipole radiation is equiva-

lent to an increase in the usual quadrupole radiation. This increase

depends on the mass concentration of dust and is significant only for mass

concentrations too large (in excess of unity) to be of practical importance

in aircraft jet noise applications.

The important case of sound generation by a turbulent, two-phase flow

that has not yet been considered is that of a condensible aerosol. Conden-

sation and evaporation from liquid droplets in a turbulent flow field pro-

vide a mechanism for the production of monopole radiation. In this section,

the monopole acoustic source strength radiated from a finite turbulent flow

region containing condensible droplets is considered. The droplets exchange

mass, momentum, and energy with the gaseous phase, which is taken to be a

mixture of inert gas and vapor. The manner in which these exchange processes

enter into the equations describing the gas and droplet flow has been dis-

cussed in detail by Marble
2 6

and Marble and Wooten.2 7 For example, the

vapor production rate appears as a mass-source term in the continuity
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equation for the gas phase and as a mass-sink term in the corresponding

equation for the droplet cloud. A nonhomogeneous wave equation is derived

below in which there appears a monopole distribution arising from the mass

exchange between phases. The monopole term is similar to the term studied

by Crighton and Ffowcs Williams,25 which was due to forced oscillation of

air bubbles in water. The monopole power output in the present case is not

significant for water droplets in air at ambient temperatures ( -70OF) but

increases exponentially with temperature; at temperatures nearer boiling,

the monopole radiation may be much greater than that due to the quadrupoles

equivalent to the turbulent flow alone.

In the following analysis, the droplet cloud is treated as a continuum-

like flow in the usual manner. The gas phase is taken as a mixture of inert

gas and vapor. Since the liquid density is much greater than that of the

gas, the volume fraction of liquid is neglected in the conservation equations

for the gas phase. In addition, the continuum assumption applied to the

droplet cloud is considered to be applicable in treating the turbulent flow

dynamics and the acoustic field; that is, the droplet diameter and average

droplet spacing are assumed to be much smaller than the microscale of the

turbulent fluctuations and the wavelength of the acoustic waves. A related

assumption also taken here is that locally the droplets remain in mechanical

and thermodynamic equilibrium with the gas flow. These assumptions are

similar to those made by Crighton and Ffowcs Williams,2 5 who discussed

their range of validity in some detail.

To formulate a Lighthill equation for the gaseous phase, we begin with

the conservation of mass for this phase expressed by

tP + (pu i ) = Q (1)
6t Px i
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where p and u
i

are the density and velocity of the gas phase and Q is the

rate of mass addition to the gas phase per unit volume by evaporation from

the droplet cloud. The momentum equation for the gas phase may be written

as

at (pui)U + +pxj Pij = F i (2)

where Pij is the stress tensor and F
i

is force per unit volume exerted by

the droplet cloud on the gas phase. Combination of Eqs 1 and 2 in the

usual manner gives

V2 SQ SFi 6
2
Tij

- P c2 72 p + (3)
at 2 P c P - Tt a i + axiax j

where

T = pu u + P - C2p5. (4)
Ti j = ij ij o 1ij 

The sound speed C
o in these equations is the speed of sound in the ambient

region external to the jet. For this reason, the fluctuations in p do not

cancel the Co term, as in the Lighthill formulation, for single phase

turbulent flow. On the other hand, if the assumption of equilibrium

between phases is strictly true, fluctuations in p are approximately equal

to fluctuations in Ce (p+pp) where Ce is the equilibrium sound speed in

the gas-droplet mixture and pp is the density of droplets. The equilibrium

sound speed in a gas containing droplets is

=C= Cz
2
{(l+Kp) [1 - 2(2)! + ()(l1 + KpC A Cp (5)

c2 =C
2

(l+Kp) 1 - 2 A
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where C is the sound speed in the gas phase alone, y is the ratio of spe-

cific heats and Cp is the specific heat at constant pressure of the gas,

C is the specific heat of the liquid, Kp is the mass fraction of liquid,

and 7 is the specific heat parameter given by

= h/CpT (6)

where hi is the latent heat of vaporization of the liquid. In general Ce

is much less than C (which is approximately equal to CO). Also, in many

cases of practical significance, nonequilibrium between the liquid and gas

phases is important. Therefore, the usual ordering of terms in Eq 3 is not

so straightforward as in the case of a single phase fluid. We will defer

consideration of the effects due to different sound speeds and nonequilibrium

until later and consider here only the monopole source term.

The density disturbance in the far field, obtained from the usual

retarded potential solution is

(p-p)(x, t) = t -y (7)
0 co g t lx-yl

y

It follows that the monopole acoustic power output Pm in from the region

containing droplets, whose volume is of order L3 is

2

1 Q > 3o L 3 (8)

where po is the density of the gas in the far field and the brackets < >

denote time-average values. Expression 8 is obtained from Eq 7 subject

to the condition that differences in retarded time corresponding to points

separated by an eddy scale ,o are negligible compared with the time-scale
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of the source field Qo/Uo, where Uo is the rms turbulent velocity. This

2,3requirement is discussed in detail by Lighthill. '

Now we wish to express Eq 8 in terms of the physical parameters des-

cribing the gas-droplet, two-phase system. In the case of a droplet cloud

in a gas phase consisting of air, inert gas, and vapor, the mass transfer

rate (evaporation rate) is diffusion controlled. 24 2 5 The vapor fraction

Kv in the gas phase can be written

v 1 v
K - - (9)v p f

where f = mv/m is the ratio of the molecular weights of the inert gas and

the vapor and Pv is the equilibrium vapor pressure. In Eq 9 the gas phase

is assumed to obey the ideal gas equation of state. In addition to the

conservation of mass for the gas phase, a conservation of mass equation for

the vapor phase may be written

at Pv + (Pvi) = Q (10)

where Pv is the density of vapor. Combination of Eqs 1 and 10 give

PKv P (Paui + DP ( Kv + u i xia = Q (11)

or

(Dt v)Q (12)

Therefore

PP DKv
- - PKv Dt (13)
1 - v Dt
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The equilibrium vapor fraction can be expressed using the Clasius -

Clapeyron equation as follows

K- P- exp 1) (14)
Kvo 0 RT

o

where Kvo and Po are vapor fraction and pressure at ambient conditions,

and K and P represent fluctuations about the ambient values. The same
v

notation applies to temperature T. Note that the equilibrium assumption

implies that the liquid and gas phases are locally at the same temperature.

Thus, Kv is the equilibrium vapor pressure at T. From Eqs 13 and 14, then

__ 1-~Kv -

vQ =L z Ll( Dp (15)
l-Pv Dt

where it is assumed that the pressure and temperature fluctuations are

related by

dP y-l dT

P y T

The fluctuation P is taken as the fluctuation in the eddy motion pressure

and estimated as the typical fluctuation in I poU2 as was done by Crighton

and Ffowcs Williams. Thus P \, poaU2 , where a = uo/U is the relative

turbulence level. The time differentiation is represented in the conven-

tional manner by use of the frequency multiplier, uo/ o0.

With these estimates of the terms in Eq 15, Eq 18 can be written

P l Iv ) L(Y- 1P pOaU3L a[Lp] (B-) (17)
M Vl ~v 
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Except for the term

2

AK )1 (18)

this is just the power radiated by a typical turbulence quadupole of

strength Tij - poaU2 . Hence, the presence of the condensable fog increases

the acoustic power output by a factor of C2.

Note that the mass loading of droplets does not enter into Eq 17 for

the acoustic power. This is an interesting but not wholly unexpected result.

Because of the assumption of equilibrium between the droplets and gaseous

phase, as long as there is sufficient liquid phase present to maintain the

local vapor pressure at its equilibrium value, the actual amount of liquid

does not matter. Of course, the assumption regarding droplet size and

spacing place other requirements on the nature of the droplet cloud. How-

ever, in the absence of finite-rate processes, droplet size and concentra-

tion parameters do not appear in the monopole term.

For water vapor in air at 700°F K

v

= 0.02 and Cl2 1.4. Hence, at

ambient conditions, the increase in acoustic power due to the monopole

radiation is very slight. However, at 150OF, Kv = 0.25 and 52 _ 270) so

that the monopole radiation is much greater. Thus, at elevated tempera-

tures, significant increases in radiation efficiency may occur. Because

of the exponential increase of Kv with temperature, a modest increase in

ambient temperature of the jet can cause large increases in acoustic

monopole radiation from evaporating droplets.

It should be kept in mind that the above calculations are valid only

when the liquid droplets and the gas phase are in equilibrium. Acoustic

damping that takes place when the exchange processes between the two

phases occur at finite rates is thus excluded from the calculations. In
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addition, the above result, Eq 17, is not valid as KvI and hence PKv

DKv
approaches unity. From Eq 13 this implies that - = 0 and that Q is,

however, finite and not equal to zero. Consideration of the case in which

the gas phase consists of pure vapor (Kv = 1) requires the use of the

energy equations for the two phases to determine Q. The question of

acoustic damping, the dipole and quadrupole terms in Eq 3, and the case

for Kv = 1 are subjects for further investigation. The above calculation,

with the results given by Eq 17 is a first step toward gaining an under-

standing of sound generation by the turbulent flow of a condensing vapor.
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VII CONCLUDING REMARKS

Perhaps the most interesting result obtained to date is that the fre-

quency of the peak observed in the core is a function of velocity but is

independent of jet diameter, at least in laboratory-scale jets. This

implies that the peak frequency cannot be nondimensionalized as a Strouhal

number using the outlet diameter as the characteristic length. The fact

that the peak frequency is proportional to the velocity indicates a constant

(within experimental error) characteristic length for subsonic jet flow.

One such length in the flow is the distance between the intermittent bursts

that are observed at the boundary between the core and the turbulent annulus

surrounding it. At low Reynolds numbers, this structure takes the shape

of doughnutlike vortex rings propagating away from the jet lip, as shown

by the excellent flow visualization of Crow and Champagne.1 9 At higher

Reynolds numbers, the details of the vortex structure probably are lost,

being replaced by a jetlike structure similar to that observed in the outer

region of a turbulent boundary layer. 2 4 Experiments are continuing at SRI

to determine the characteristic length associated with these phenomena.

More consideration must be given to developing a meaningful definition

of the convection velocity of turbulent eddies in the shear layer and to

its relation to the convection velocity of sound observed in the near field.

Future work will also emphasize the feedback between the waves in the core

and the jetlike disturbances emanating from the mixing region. Experiments

during the next year will be concerned with the effects of swirl on the

observed phenomena. Also included will be'a continuing study of the effects

of a fog of condensible droplets on the noise output.
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